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Abstract 

The  utility  of  in  situ  X-ray  absorption  spectroscopy  (XAS)  in  determining  structural  parameters,  through  analysis  of  the  extended  X-ray 
absorption  fine  structure  (EXAFS),  and  electronic  perturbations,  through  a  white  line  analysis  of  the  X-ray  absorption  near  edge  structure 
(XANES),  is  demonstrated  for  Pt/C,  PtRu/C  and  PtMo/C  fuel  cell  electrodes.  The  results  provide  verification  that  the  enhancement  of  CO 
tolerance  of  the  alloy  catalysts  occurs  via  an  intrinsic  mechanism  for  the  PtRu  alloy,  whilst  a  promotion  mechanism  is  in  operation  for  the 
PtMo  alloy.  Preliminary  results  of  an  in  situ  powder  X-ray  diffraction  (XRD)  method  which  utilises  synchrotron  radiation  (SR)  and  a  curved 
image  plate  detector  are  also  presented,  using  Pd/C  as  an  example.  The  lattice  expansion  upon  formation  of  the  P-hydride  is  clearly 
observed.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  recent  years  there  has  been  an  increased  interest  in 
electricity  generation  using  fuel  cells  for  both  stationary  and 
mobile  applications.  In  particular,  following  announcements 
by  several  automotive  manufacturers  [1,2],  the  research  and 
development  effort  in  the  area  of  PEM  (proton  exchange 
membrane)  fuel  cells  has  intensified.  Such  cells  either  use  H2 
or  CH3OH  as  the  fuel  and  02  or  air  as  the  oxidant.  The 
electrocatalysts  are  usually  based  on  small  Pt  metal  particles 
dispersed  on  a  conductive  supporting  medium,  often  carbon. 

In  the  case  of  the  H2  or  PEM  fuel  cell,  the  source  of  the 
fuel  is  usually  reformate,  which  is  a  mixture  of  H2  and  C02 
obtained  by  processing  (reforming)  a  hydrocarbon  feed 
stock.  Reformate  produced  by  steam  or  partial  oxidation, 
contains  0.5  to  2%  CO.  The  CO  contamination  is  then 
reduced  to  ppm  levels  prior  to  entering  the  fuel  cell  by 
clean  up  stages  (selective  oxidation).  However,  even  at 
10  ppm  CO,  a  further  reduction  is  required  as,  even  at  such 
levels,  CO  can  cause  deactivation  of  the  anode  catalyst  by 
strongly  adsorbing  to  the  more  active  sites;  a  site  blocking 
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mechanism.  Adding  an  air  bleed  to  the  anode  fuel  stream  and 
performing  the  final  CO  clean  up  within  the  membrane 
electrode  assembly  (MEA)  are  the  most  generally  applied 
approaches  to  improving  CO  tolerance.  However,  the  more 
elegant  alternative  is  to  develop  electrocatalysts  that  are 
‘tolerant’  to  the  presence  of  CO  in  the  fuel.  The  most 
promising  electrocatalysts  are  now  based  on  binary  and 
ternary  alloys  of  Pt.  The  ultimate  performance  of  the  H2 
fuel  cell  is  also  limited  by  the  rate  of  the  02  reduction 
reaction  at  the  cathode. 

As  in  the  case  of  the  electrocatalysts  for  the  anode,  alloys 
of  Pt  have  been  investigated  in  an  effort  to  improve  the 
performance  of  the  cathode.  In  the  case  of  the  direct 
methanol  fuel  cell  (DMFC),  the  anode  catalyst  may  be 
slowly  deactivated  by  the  accumulation  of  partial  oxidation 
products  such  as  CO,  while  the  cathode  is  depolarised  by 
crossover  of  methanol  from  the  anode  side  of  the  cell.  Alloy 
electrocatalysts  may  also  provide  solutions  to  these  diffi¬ 
culties. 

Characterisation  of  the  electrocatalyst  materials  is  usually 
conducted  ex  situ  using  BET,  TEM,  or  XRD  measurements. 
Recently,  with  the  increased  availability  of  synchrotron 
radiation  (SR),  the  use  of  in  situ  X-ray  absorption  spectro¬ 
scopy  (XAS)  has  been  shown  to  be  uniquely  suited  to 
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determining  the  structure  of  such  electrocatalysts.  In  situ 
XAS  enables  the  probing  of  both  the  d-electronic  structure 
of  the  metal  particles  (oxidation  state  and  size/delocaliza- 
tion)  and  the  interaction  of  these  particles  with  their  support 
and  adsorbates  (near  neighbour  interactions).  The  in  situ 
study  of  carbon  supported  Pt  (Pt/C)  fuel  cell  electrodes  was 
first  successfully  demonstrated  by  O’Grady  and  Konings- 
berger  [3].  Mathew  and  Russell  have  recently  presented  a 
comprehensive  review  of  the  use  of  XAS  for  the  character¬ 
isation  of  Pt/C,  highlighting  the  development  of  the  tech¬ 
nique  [4].  The  most  significant  advances  have  been  in  the 
development  of  energy  dispersive  EXAFS  (EDE)  methods, 
which  enable  dynamic  or  time  resolved  studies  of  the 
catalyst  structure. 

In  this  paper  the  utility  of  in  situ  XAS  methods  in 
determining  the  structure  of  Pt/C,  PtRu/C  and  PtMo/C 
catalysts  is  demonstrated.  The  results  are  related  to  the 
improvement  in  CO  electro-oxidation  for  the  binary  cata¬ 
lysts  over  that  of  Pt/C.  In  addition,  in  situ  X-ray  diffraction 
(XRD)  measurements  using  SR  and  a  curved  image  plate 
camera  is  presented  for  the  Pd/C  system. 

2.  Experimental 

2.1.  Electrodes 

An  appropriate  quantity  of  40  wt.%  Pt/XC-72R,  or 
40  wt.%  Pt  plus  20  wt.%  Ru/XC-72R,  or  35  wt.%  Pt  plus 
5  wt.%  Mo/XC72-R  catalyst  (supplied  by  Johnson  Matthey, 
the  preparation  of  which  has  been  previously  reported  [5])  or 
40  wt.%  Pd/XC72-R  (E-TEK)  was  suspended  in  Nation® 
and  water  to  form  an  ink-like  paste.  The  paste  was  stirred  for 
15  min  and  then  spread  onto  carbon  paper  (E-TEK  TGHP- 
120).  The  sheet  was  pressed  at  14  kg  cm~2  for  20  s  at  room 
temperature.  Electrodes  of  area  2.5  cm2  were  cut  from  the 
compressed  sheet  for  the  in  situ  EXAFS  and  XRD  measure¬ 
ments  and  1  cm2  for  cyclic  voltammetric  (CV)  testing. 
Electrodes  were  boiled  in  triply  distilled  water  prior  to 
EXAFS  and  CV  studies  to  ensure  a  fully  flooded  state. 

2.2.  Cyclic  voltammetry 

The  wetted  electrodes  were  placed  in  a  standard  three- 
electrode  cell  for  the  CV  experiments.  Potentials  were 
measured  either  with  respect  to  a  Hg/Hg2S04  (MMS) 
reference  electrode  or  a  H2  purged  Pd  on  carbon  electrode 
strip  acting  as  a  reversible  hydrogen  electrode  (RHE).  When 
the  MMS  reference  electrode  was  used  the  potentials  have 
been  corrected  to  the  RHE  scale. 

For  CO  electro-oxidation  experiments,  the  catalyst  elec¬ 
trodes  were  held  at  0. 15  V  versus  RHE  while  CO  and  N2  was 
purged  through  the  electrolyte  for  15  and  then  30  min, 
respectively.  The  electrode  potential  was  then  cycled  to 
the  positive  limit  and  back  to  0.05  V  at  a  sweep  rate  of 
10  mV  s“\ 


2.3.  X-ray  absorption  spectroscopy  measurements 

The  in  situ  transmission  data  was  collected  using  a  cell 
described  previously  [6].  The  carbon  paper  backed  catalyst 
working  electrode  was  placed  against  a  gold  wire  current 
collector  and  several  layers  of  filter  paper  soaked  in  elec¬ 
trolyte,  1.0  mol  dm-3  H2S04  prepared  with  18MQcm 
water,  were  placed  over  the  electrode.  This  assembly  was 
compressed  between  Kapton  "  or  polycarbonate  windows, 
through  which  the  X-rays  passed. 

All  X-ray  data  were  collected  on  Wiggler  station  9.2  of  the 
synchrotron  radiation  source  (SRS)  at  Daresbury  Labora¬ 
tory,  Warrington,  England.  The  ring  operated  with  2.0  GeV 
energy  and  100-250  mA  current.  The  station  was  operated 
with  a  Si(2  2  0)  double  crystal  monochromator,  which  was 
detuned  to  50%  intensity  to  minimise  the  presence  of  higher 
harmonics.  Three  ion  chambers,  optimised  for  the  platinum 
Lln  edge,  were  used  in  series  to  measure  the  intensities  of  the 
incident  beam,  I0.  the  beam  transmitted  by  the  sample,  It,  and 
the  beam  subsequently  transmitted  by  a  platinum  foil,  /m. 
The  Pt  foil  was  used  as  an  internal  reference,  enabling 
calibration  of  the  X-ray  beam  energy. 

The  absorption  spectra  were  processed  using  EXBROOK. 
The  zero  point  of  the  energy  scale  was  taken  to  be  the  point 
of  inflection  in  the  Lm  edge.  The  pre-edge  region  was  fitted 
by  a  straight  line  and  extrapolated  to  zero  energy.  A  poly¬ 
nomial  spline  was  fitted  to  the  non-oscillatory  component  of 
the  post-edge  region  and  was  extrapolated  back  to  zero 
energy.  The  difference  between  the  extrapolated  values 
was  taken  to  be  the  step  height  and  the  spectrum  was 
normalised  to  this  value.  The  EXAFS  components,  /(k), 
were  then  isolated  from  the  absorption  spectra  and  subse¬ 
quently  analysed  using  EXCURV98  [7],  a  least  squares 
fitting  programme  based  on  curved-wave  theory,  using  a 
Z  +  1  2p  core  hole  approximation. 

2.4.  X-ray  diffraction  measurements 

The  in  situ  XRD  data  was  collected  using  a  similar 
electrochemical  cell  to  that  used  for  the  XAS  measurements. 
On  the  exit  side  of  the  cell  an  enlarged  slit  was  cut  into  the 
cell  body  and  support  to  enable  collection  of  the  diffracted 
signal  over  a  greater  angular  spread.  The  data  was  collected 
using  Station  9.1  of  the  SRS.  This  station  accepts  a  high 
energy  X-ray  spectrum  of  radiation  from  a  5  Tesla  super¬ 
conducting  Wiggler.  The  monochromator  was  a  Si(l  1  1) 
channel-cut  crystal  mounted  at  15  m  from  the  source  and 
was  used  to  select  a  wavelength,  typically  between  0.46  and 
0.70  A  when  using  the  Curved  Image-Plate  (CIP)  camera 
[8].  This  wavelength  range  is  restricted  because  the  high- 
energy  flux  is  diminishing  rapidly  and  the  longer  wavelength 
is  a  maximum  at  0.70  A  since  2/3  harmonics  become 
prominent  and  contaminate  the  data.  A  wavelength  of 
0.6920  A  was  selected  and  calibrated  using  a  Zr  metal 
absorption  foil.  The  monochromatised  beam  was  reduced 
in  size  to  0.5  mm  x  0.5  mm  and  this  was  passed  down  the 
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anti-scatter  tube  arrangement  to  impinge  on  the  sample  in 
the  cell  approximately  1  m  from  the  monochromator.  The 
sample  was  located  at  the  centre  of  curvature  of  the  350  mm 
radius  camera  arc.  Any  positional  discrepancy  is  corrected 
by  collecting  data  from  an  NBS  640b  silicon  standard  and 
spatial  distortions  introduced  during  the  image-plate  reading 
are  corrected  using  a  grid  calibration.  Utilising  a  significant 
proportion  of  the  area  of  the  image-plate  it  is  possible  to 
collect  high  quality  data  on  materials  over  a  few  minutes. 

The  processed  data  were  subsequently  analysed  by  the  Le 
Bail  method  using  the  program  WinMProf.  The  Le  Bail 
method  is  used  to  extract  the  intensities  of  the  overlapping 
peaks  from  powder  data  without  a  structural  model,  given  a 
starting  set  of  unit  cell  parameters,  and  a  list  of  possible 
reflections.  Essentially,  the  method  is  similar  to  Rietveld  in 
that  a  calculated  profile  is  refined  by  least-squares  against 
the  observed  diffraction  pattern.  Hence  lattice  parameters, 
peak  widths,  peak-shape  parameters  are  allowed  to  vary.  The 
same  procedure  was  used  for  each  data  set. 

3.  Results  and  discussion 


suppressed  by  the  presence  of  adsorbed  CO,  indicating 
nearly  full  CO  coverage.  The  peak  at  0.8  V  in  the  Pt/carbon 
CV  corresponds  to  the  oxidative  stripping  of  the  adsorbed 
CO  layer.  On  the  second  sweep  the  voltammogram  returns  to 
that  observed  in  the  absence  of  CO  purging  and  corresponds 
to  that  of  Pt  in  the  base  electrolyte.  Similar  features  are 
apparent  in  the  PtRu/C  and  PtMo/carbon  CVs  with  the  peak 
potential  of  the  CO  oxidation  shifting  to  0.48  and  0.78  V, 
respectively.  The  lack  of  distinct  hydrogen  adsorption/des¬ 
orption  peaks  in  the  PtRu/carbon  CV  is  characteristic  of  the 
response  of  a  PtRu  alloy.  On  close  inspection  of  the  PtMo/ 
carbon  CV,  an  oxidation  current  is  observed  throughout  the 
first  forward  sweep,  from  0.15  to  1.00  V,  suggesting  that 
some  of  the  adsorbed  CO  is  being  oxidised  at  lower  poten¬ 
tials.  An  additional  oxidation  peak  is  observed  in  the  second 
forward  sweep  at  0.45  V,  which  has  previously  been  attrib¬ 
uted  redox  reactions  of  the  Mo  on  the  surface  of  the  metal 
particles  [9],  These  results  have  been  discussed  recently  in 
terms  of  the  heterogeneity  of  the  PtMo/C  electrocatalyst  in 
comparison  to  PtRu/C  [10]. 

3.2.  X-ray  absorption 


3.1.  Cyclic  voltammetry 

Fig.  1  shows  the  cyclic  voltammograms  obtained  for 
electro-oxidation  of  adsorbed  carbon  monoxide  for  each 
of  the  Pt  and  Pt-alloy  catalyst  electrodes.  For  each  of  the 
electrodes,  during  the  first  forward  sweep  (from  0.05  to 
1.0  V)  the  peaks  characteristic  of  hydrogen  desorption  were 


Fig.  1 .  Cyclic  voltammograms  of  Pt/C,  PtRu/C,  and  PtMo/C  catalysts  in 
1  mol  dm~3  H2S04  at  10  mV  s  1  (electrode  area  1  cm2).  The  electrode 
surface  was  exposed  to  CO  saturated  solution  while  the  potential  was  held 
at  0.15  V  vs.  RHE.  After  adsorption,  CO  was  displaced  from  the  solution 
by  purging  with  N2  for  15  min.  The  solid  lines  represent  the  first  cycle  and 
the  dashed  lines  the  second. 


The  XANES  (X-ray  absorption  near  edge  structure)  or 
white  line  region  of  the  Pt  Lm  and  Lu  absorption  edges 
provides  information  regarding  the  d-electron  occupancy  of 
the  metal  particles.  Comparisons  of  the  area  under  the  white 
lines  of  the  sample  and  a  Pt  foil  have  been  used  previously 
[11-14]  to  quantify  the  changes  in  the  relative  occupancy,  fd, 
of  the  Pt  as  a  function  of  the  applied  electrode  potential.  fd  is 
defined  as  follows  [15]: 


/AA3  +  1.11AA2\ 

V  A&+1.11A*  ) 


(1) 


where  AA3  is  the  difference  in  the  area  under  the  white  line  at 
the  Lm  absorption  edge  between  the  sample  and  the  Pt 
reference  foil  (AA3  =  A3s  —  A3r).  Similarly  AA2  =  A2s—  A2r, 
is  the  difference  at  the  Ljj  absorption  edge.  Thus,  a  smaller 
value  of/d  indicates  a  greater  occupancy  of  d  electrons  per 
Pt  atom. 

Fig.  2  shows  the  effect  of  variation  of  the  applied  elec¬ 
trode  potential  on  the  white  line  features  at  the  Pt  Llu  and  Lu 
absorption  edges  for  the  Pt/C  sample.  The  effect  of  increas¬ 
ing  the  applied  potential  is  to  increase  the  area  in  the  white 
line  region,  this  corresponds  to  an  increase  in  the  /d  value. 
The/d  values  as  a  function  of  the  applied  potential  for  the  Pt 
and  Pt-alloy  catalysts  are  shown  in  Table  1.  The  effect  of 
incorporation  of  the  secondary  metal  is  to  decrease  the  d- 
electron  occupancy  per  Pt  atom  (increased  /d)  at  the  lower 
potentials.  Thus,  the  electronic  state  of  the  Pt  in  the  alloy 
catalysts  at  these  potentials  corresponds  to  a  pre-oxidised 
state.  As  the  potential  is  increased  the  /d  values  of  all  the 
catalysts  increases,  but  that  of  the  alloy  catalysts  do  not 
change  as  much  as  that  of  the  Pt/C. 

The  k 1  weighted  raw  EXAFS  data  for  the  Pt/C  electrode  at 
0.05  V  is  shown  in  Fig.  3.  The  corresponding  k3  weighted 
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Energy  -  E  /  eV 

edge 

Fig.  2.  XAS  in  1  mol  dm-3  H2S04  showing  the  XANES  region  at  the  Pt 
Lni  and  Ln  absorption  edges  for  Pt/C  at  0.05  and  1 .05  V  vs.  RHE. 


Table  1 


Fractional  d-electron  occupancy,  /d,  as  a  function  of  applied  potential 


EIV  vs.  RHE 

Pt/C 

PtRu/C 

PtMo/C 

0.05 

-0.095 

-0.029 

-0.055 

0.25 

-0.002 

-0.019 

-0.024 

0.55 

0.024 

0.000 

0.012 

0  5  10  ,  15  20 

k  /  A 


Fig.  3.  k 1  weighted  EXAFS  at  0.05  V  vs.  RHE  for  Pt/C  fuel  cell  electrode 
in  1  mol  dm-  '  H2SO4. 


Pt-Pt  phase  corrected  Fourier  transform  is  shown  in  Fig.  4, 
with  those  for  the  PtRu/C  and  PtMo/C  catalysts.  The  dashed 
lines  indicate  the  best  fit  of  the  data.  The  splitting  of  the  peak 
corresponding  to  the  first  coordination  shell  for  the  PtRu/C 
catalyst  is  caused  by  interference  between  the  backscattering 
from  Pt  and  Ru  neighbours.  The  parameters  for  the  fits  of  the 
EXAFS  data  are  given  in  Table  2.  The  smaller  coordination 
numbers  and  distances  for  the  supported  particles  compared 
to  those  for  a  Pt  foil,  N  =  12  and  R  —  2.779  A,  are  con¬ 
sistent  with  the  small  size  of  the  particles  and  other  EXAFS 
studies  ([4]  and  references  contained  therein).  The  smaller 
total  number  of  neighbours  in  the  first  coordination  shell 
(A(Pt— Pt)  +  /VfPt— X),  where  X  =  Mo  or  Ru)  indicates 
that  the  particles  are  smaller  than  for  the  Pt/C  sample,  in 
agreement  with  TEM  measurements  of  the  particle  sizes 
[10].  The  fits  indicate  that  the  PtRu/C  is  a  well  mixed  alloy 
with  almost  equal  numbers  of  Pt  and  Ru  in  the  first  coordi¬ 
nation  shell,  whilst  the  PtMo/C  catalyst  has  very  little  Mo  in 
the  first  coordination  shell.  For  icosahedral  or  cuboctahedral 
particles  less  than  5  nm  in  diameter,  the  fraction  of  the  Pt 
atoms  which  are  on  the  surface  is  approximately  0.5.  Thus, 
the  PtMo/C  sample  may  consist  of  a  Pt  core  with  less  than  a 
full  monolayer  of  Mo  on  the  surface,  or  it  may  represent  a 
mixed  system  with  less  than  the  stoichiometric  quantity  of 


Fig.  4.  k 3  weighted  Pt-Pt  phase  corrected  Fourier  transforms  of  the  data  (solid  lines)  and  model  spectra  (dashed  lines)  for  the  (a)  Pt/C,  (b)  PtRu/C  and  (c) 
PtMo/C  fuel  cell  electrodes  at  0.05  V  versus  RHE  in  1  mol  dm-3  H2S04. 
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Table  2 

Fit  parameters  and  variances  for  model  spectra  at  0.05  V  vs.  RHEa 


Catalyst 

Neighbour 

N 

R(  A) 

2o2  (A2) 

Pt/C 

pt-pt 

9.1 

2.755 

0.011 

R  -  23% 

pt-pt 

4.4 

3.912 

0.016 

pt-pt 

7.1 

4.798 

0.012 

PtRu/C 

pt-pt 

4.4 

2.732 

0.011 

R  =  25% 

Pt-Ru 

3.2 

2.710 

0.013 

Pt-Pt 

1.9 

3.850 

0.017 

PtMo/C 

Pt-Pt 

6.0 

2.756 

0.011 

R  =  37% 

Pt-Mo 

0.3 

2.431 

0.014 

Pt-Pt 

3.5 

3.893 

0.013 

a  Errors  are  ±10%  in  coordination  number  for  the  first  Pt-Pt  and  Pt-X 
distances  and  ±50%  for  the  higher  shells,  ±0.004  A  in  coordination 
distance  for  the  first  and  second  Pt-Pt  and  Pt-X  distances,  and  0.003  for 
the  Debye  Waller  term  (2o2).  The  goodness  of  fit  parameter,  R,  is 
Rexafs  =  {£f  (lMXP)(UrP  -  x‘h|)}  X  100%  where  N  is  the  total 
number  of  data  points,  a  the  standard  deviation  for  each  data  point,  and 
1  the  experimental  and  theoretical  EXAFS. 

Mo  in  the  particle.  EXAFS  measurements  obtained  at  the 
Mo  edge  are  required  to  discriminate  between  these  two 
possibilities. 

Improvements  in  the  tolerance  of  electrocatalysts  to 
carbon  monoxide  exposure  or  methanol  crossover  upon 
alloy  formation  are  thought  to  be  related  to  either  variations 
in  the  chemisorptive  properties  of  the  particles  (intrinsic 
mechanism)  or  electronic  effects  which  lead  to  a  reduction  in 
the  activation  overpotential  (promotion  mechanism).  For 
PtRu/C  the  intrinsic  mechanism  is  thought  to  dominate, 
whilst  for  PtMo/C  the  promotion  mechanism  is  thought  to 
be  more  important  [16].  The  in  situ  XAS  results  described 
above  provide  evidence  supporting  these  conclusions. 

The  PtRu/C  catalyst  used  in  this  study  was  shown  to  be  a 
well  mixed  alloy,  in  contrast  to  those  investigated  by  Rolison 
et  al.  [17].  In  their  work,  using  ex  situ  XPS  analysis  of  as 
prepared  PtRu/C  materials  (obtained  from  E-TEK),  they 
showed  that  much  of  the  Ru  in  such  catalysts  exists  as  a 
separate  amorphous  RuOv  phase.  In  conclusion,  they  pro¬ 
posed  that  these  ruthenium  oxides  are  beneficial  in  that  they 
enhance  the  proton  conductivity  of  the  catalyst  material.  In  a 
separate  study  we  have  obtained  XAS  data  at  both  the  Pt  Lm 
and  Ru  K  absorption  edges  for  well  mixed  and  poorly  mixed 
PtRu/C  catalysts  [18].  Examination  of  the  Ru  EXAFS  data 
verified  that  at  the  potentials  at  which  H2  oxidation  occurs 
(for  well  mixed  PtRu/C  catalysts)  the  Ru  is  metallic  in 
nature.  In  fact,  Cooper  et  al.  [19],  have  shown  that  the 
oxidation  of  100%  CO  on  well  alloyed  PtRu/C  does  not 
occur  at  a  significant  rate  below  0.2  V  versus  RHE.  The 
EXAFS  results  also  show  a  significant  contraction  in  the 
Pt-Pt  distance  for  the  PtRu/C  as  compared  to  the  Pt/C 
sample.  This  contraction,  along  with  the  electronic  effect 
of  alloying  with  Ru  on  the  Pt  atoms  in  the  particles,  is  likely 
to  result  in  a  modification  of  the  chemisorptive  behaviour  of 
CO  on  the  Pt  sites.  We  have  recently  shown  that  EXAFS  is  a 
useful  probe  for  the  investigation  of  the  bonding  of  CO  to  Pt 
in  Pt/C  catalysts  [6].  Further  EXAFS  investigations  of  the 


effect  of  Ru  on  the  bonding  of  CO  to  the  Pt  sites  are 
underway. 

The  PtMo/C  catalyst  used  in  this  investigation  was  not 
shown  to  be  a  well  mixed  alloy  system.  In  fact,  the  small 
number  of  Mo  atoms  in  the  first  coordination  shell  and  the 
lack  of  a  significant  variation  in  the  Pt-Pt  coordination 
distance,  indicate  that  it  is  likely  that  the  Mo  is  situated 
on  the  surface  of  the  Pt  particles.  Preliminary  analysis  of  the 
Mo  K  edge  XAS  data  of  an  E-TEK  PtMo/C  catalyst  has 
recently  been  reported  by  Mukerjee  et  al.  [20].  They  showed 
that  that  the  Mo  exists  as  Mo(OH)22+  at  0.0  V  and  that  the 
oxidation  state  of  the  Mo  is  potential  dependent.  The 
electronic  effect  of  the  addition  of  Mo  on  the  Pt  atoms  in 
the  particles  is  much  weaker  than  that  observed  for  the 
PtRu/C  (see  Table  1).  The  promotion  of  the  oxidation  of 
chemisorbed  CO  at  low  potentials,  <0. 1  V  versus  RHE,  upon 
the  addition  of  Mo  is  thus  attributed  to  the  formation  of 
oxy-hydroxide  species  at  the  Mo  sites  rather  than  a  change  in 
the  Pt-CO  bond. 

Ex  situ  XRD  is  commonly  used  to  determine  the  extent  of 
intermixing  in  alloy  catalysts.  The  lattice  constants  obtained 
for  fee  crystallites,  such  as  Pt/C,  may  be  compared  with  the 
second  Pt-Pt  distance  in  the  model  of  the  EXAFS  data. 
However,  XRD  only  probes  the  crystalline  portion  of  the 
sample,  whilst  EXAFS  probes  the  entire  sample.  In  fact,  we 
have  obtained  very  different  EXAFS  results  for  several 
PtRu/C  catalysts  which  all  had  similar  lattice  constants  as 
determined  by  XRD  [18].  In  addition,  the  EXAFS  data  may 
be  collected  in  situ,  under  electrochemical  control.  To  enable 
more  realistic  comparison  between  XRD  and  EXAFS  stu¬ 
dies,  we  have  sought  to  develop  an  in  situ  XRD  method. 

3.3.  In  situ  X-ray  diffraction 

The  Pd/C  system  was  chosen  as  a  first  illustrative  exam¬ 
ple,  as  the  lattice  is  known  to  expand  at  potentials  where 
hydrogen  is  incorporated.  Cyclic  voltammograms  of  the  Pd/ 
C  electrode  in  1  mol  dm-3  H1SO4  are  shown  in  Fig.  5.  The 
large  peaks  observed  in  the  first  cycle  from  0.05  to  0.45  V  are 
attributed  to  desorption  of  adsorbed  hydrogen  incorporated 
into  the  Pd  lattice  when  the  potential  is  held  below  0.05  V. 
The  XRD  patterns  obtained  using  the  CIP  detector  as  a 
function  of  the  applied  potential  for  the  Pd/C  electrode  are 
shown  in  Fig.  6. 

The  lattice  constants  obtained  are  summarised  in  Table  3. 
The  lattice  constants  obtained  may  be  compared  with  those 
of  bulk  Pd  metal,  3.8900  A  [21],  and  the  P-hydride 
(PdH056),  4.0  1  8  A  [22],  The  lattice  constants  obtained  at 
0.55  and  0. 15  V  are  both  slightly  larger  than  that  obtained  for 
Pd  metal,  but  show  little  effect  of  adsorbing  H  (at  0.15  V). 
That  at  —0.05  V,  where  H  is  absorbed,  is  also  larger  than  that 
of  the  bulk  P-hydride.  The  differences  may  represent  a 
systematic  error,  caused  by  imprecise  positioning  of  the 
electrochemical  cell  at  the  focus  of  the  CIP.  However,  these 
preliminary  results  do  demonstrate  the  utility  of  the  in  situ 
XRD  method  using  the  CIP. 
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Fig.  5.  Cyclic  voltammogram  of  Pd/C  fuel  cell  electrode  (electrode  area 
1  cm2)  in  1  mol  dm-3  H2SO4  at  20  mV  s-1.  Grey  line  shows  the  first  cycle 
after  the  potential  was  held  at  —0.05  V  vs.  RHE  for  10  min,  black  line 
shows  the  fourth  cycle. 


2  theta  /  degrees 

Fig.  6.  XRD  patterns  for  empty  electrochemical  cell  (thin  black  line),  Pd/ 
C  electrode  at  0.15  V  vs.  RHE  in  1  mol  dm-3  H2S04  (thick  grey  line)  and 
at  —0.05  V  vs.  RHE  (thick  black  line).  Data  were  collected  using  a  curved 
image  plate  detector  with  20  min  exposures. 


Table  3 

Lattice  parameters  and  standard  deviations  for  Pd/C  as  a  function  of 
applied  electrode  potential 


E  vs.  RHE  (V) 

Lattice  parameter  (A) 

ESD  (A) 

0.55 

3.8957 

0.0008 

0.15 

3.8955 

0.0010 

-0.05 

4.0504 

0.0010 

4.  Summary 

The  increased  availability  of  SR  has  enabled  the  use  of  in 
situ  XAS  to  become  more  routine  in  the  investigation  of 
carbon  supported  catalysts  used  in  PEM  fuel  cells.  For  the 
examples  described  in  this  paper,  Pt/C,  PtRu/C,  and  PtMo/C, 
the  information  obtained  from  analysis  of  the  white  line  or 
near  edge  and  EXAFS  regions  of  the  XAS  has  added  weight 
to  the  assertion  that  the  mechanisms  by  which  Ru  and  Mo 
increase  the  CO  tolerance  of  Pt/C  catalysts  are  different.  Ru 
promotion  occurring  by  the  intrinsic  mechanism  is  thought 
to  dominate,  whilst  Mo  acts  via  the  promotion  mechanism. 
Finally,  preliminary  results  describing  an  in  situ  XRD 
method  based  on  SR  and  the  curved  image  plate  detector 
were  presented. 
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